The objective of this study is to enable a better understanding of the effectiveness of solidification/stabilization (S/S) technique in treating polluted sediment, and provide the much needed validation of the longevity of the technology. In this research kaolinite and montmorillonite, with a certain proportion of lime, were used for S/S treatment of sediment polluted with metals. Leachability of metals was examined using the toxicity characteristic leaching procedure (TCLP) and the German standard leaching test (DIN 3841-4 S4) prescribed in national legislative. Results indicated successful S/S treatment using both clays and lime, from the aspect of all leached metals even with pH variations over time and slight changes in structural integrity of specimens. X-ray diffraction (XRD), scanning electron microscope (SEM) analyses and porosity measurement were also performed on the prepared monolithic matrices. XRD qualitative and semi-quantitative analysis proved hydration and pozzolanic product formation with increase in their content and finer crystallites formation over time. SEM analysis confirmed the presence of morphologically dense and stable structures while pore size distribution indicated on mesoporous matrices with ongoing compaction over time. Generally, structural microanalysis indicated the formation of hardened matrices over time and hydration process has been fully completed and further carbonation took place. Unconfined compressive strength measurement gave the satisfying results and matured monolite with 30 % of montmorillonite and 10 % of lime can be considered potentially applicable as non-load-bearing material. In summary, all results indicated that this kind of S/S treatment can achieve satisfactory durability and represent reliable and economically feasible technique for long-term remediation of metal polluted sediment.
Introduction
Stabilization/solidification (S/S) technologies are widely used for treatment of hazardous wastes that are mostly inorganic and contaminated soils and sediments before their final disposal [1] [2] [3] . Wang et al. [3] used Portland cement, lime and coal fly ash for heavy metal polluted sediment, while Tomasevic et al. [2] used fly ash in combination with kaolinite for Ni and Zn polluted sediment. Modified zeolite effectively stabilized Pb, Cu, Zn and Cd in lake sediment to different extents [4] . Stabilization of Cu, Zn, Cd, Hg, Cr and As in soil using modified bentonites was performed by Yu et al. [5] . Bentonites manifested distinct immobilization effectiveness towards various metals, proving that main interactive mechanisms proceeded via cation exchange, but also via physical adsorption and partitioning, Additionally, Liu et al. [6] reported satisfying S/S treatment of heavy metal contaminated soils, and further investigated different influences on treatment efficiency. These technologies use different immobilization agents in treating waste due to their ability to provide chemical stability and physical strength. Suitable binding agents are selected for specific areas and contaminants based on a set of criteria, which are mainly dependent on the characteristics of the end products as well as the set goals and possibilities. The commonly used binders include Portland cement, lime, pulverized fuel ash (PFA) and clays [7] [8] [9] [10] . Lime (CaO) as the main stabilizing agent is used as it is cheaper than cement and calcium hydroxide and the heat of hydration results in an increased reaction rate. After adding calcium oxide to contaminated sediment, as with cement, three immobilization mechanisms are possible: chemical incorporation, encapsulation and sorption, or most common precipitation, inclusion or sorption [11] [12] . Clays and modified clays, containing additives for the control of clay hydration, can be used for the treatment of waste as secondary agents. Chemical stabilization is due to adsorption, chemisorption or incorporation into the crystalline structure of the mineral agent. Clays play an important role in the environment because they represent the natural "sponge" of pollutants, binding their cations through ion exchange or adsorption. These ions can be replaced relatively easily without affecting the mineral structure of the clay. Large specific surface, chemical and mechanical stability, layered structure, high cation exchange capacity and other properties make clay excellent adsorbents [13] . Kaolinite and montmorillonite are the two most commonly used clays for adsorption of metals but also other pollutants [14] . The applications of kaolinite, (Si 4 )
IV (Al 4 )
VI O 10 (OH) 8 , a widely used industrial clay raw material, depend on its surface reactivity. The main mineral component consists of layers held together via H-bonds. Each layer consists of a two-dimensional arrangement of Al-centered octahedral and a two-dimensional arrangement of Si-centered tetrahedral [15] [16] . Montmorillonite (Si 7.8 VI O 20 (OH) 4 consists of two tetrahedral structures with a central aluminum octahedral grid. The tetrahedron and octahedral grids are combined so that the edges of the tetrahedron of each silicon grid and one of the octahedral structures of the hydroxide form a common envelope. The atoms in this envelope that are common to both grids are oxygen ions [14] . The concrete-montmorillonite interactions, and more general, concrete-clay interactions, have been studied as part of the expected geochemical reactions occurring within the composite engineered barriers in highlevel radioactive waste in deep geological repositories.
However, long-term effectiveness of S/S treatment is essential in addressing issues related to the strength, the buffering capacity, and the leachability of S/S treated materials and it is used to validate the remediation process and hence convince stakeholders of its longevity [17] . Hence, it is very important to understand the contaminant immobilization mechanisms involved in the binding within S/S materials so as to further improve this technique.
The long-term result of such interactions has to be evaluated in order to tackle the impact on the mineralogical and physical-chemical properties at the interface of both materials that could compromise their safety functions in the long-term [18] [19] .
The effectiveness of the long-term chemical performance of S/S treatments is usually assessed using batch leaching tests. Batch leaching tests with a single extraction are the preferred choice for regulatory assessment due to their simplicity, improved reproducibility, and shorter time requirements. Serbian legislative also uses the Toxicity Characteristic Leaching Procedure -TCLP and DIN 3841-4 S4 complementary procedure for the evaluation of waste characteristics.
In this study sediment samples were collected from the Great Backi Canal (Vojvodina, Serbia). The canal began to be more intensively polluted at the end of the 20th century. Most of the industries discharged untreated or partially treated wastewater into the canal. The total organic pollution from industry is 36.6 t COD/day or 17.9 tBOD 5 / day and from municipal wastewaters 1329 kg COD/day or 619 kg BOD 5 /day. Due to the high pressure from the wastewaters in the canal, along a 6 km stretch about 400,000 m 3 of sediment has been formed. The canal is about 3 m deep, with the sediment varying in depth from 1 to 2.5 m, depending upon the point of wastewater discharge [20] .
The main study objectives can be summarized as follows: (1) characterization and classification of sediment from Great Backa Canal from the aspect of metal content, (2) defining S/S treatment of polluted sediment with the addition of clays and lime, (3) evaluation of the long-term effectiveness of S/S treatment by assessing the leaching potential and environmental impact based on the different leaching procedures TCLP and DIN 3841-4 S4, after different periods of maturation (7 and 28 days and 7 years), (4) microstructural analyses including X-ray diffraction (XRD) and scanning electron microscopy (SEM) to assist with the chemical speciation of the metals, (4) specific surface area and porosity characterization of treated samples and unconfined compressive strength measurement.
Materials and methods
Sediment composite sample was taken from Great Backa Canal. The Great Backa Canal represents the main artery of the whole hydrosystem in Backa, Serbia. Today, Great Backa Chanal represents an ecological black spot due to the concentration of pollutants, both in water and sediment.
In this paper two types of clay minerals and lime were used for S/S treatment of polluted sediment. Kaolinite was obtained from Sigma-Aldrich, Germany, and montmorillonite from Bento product d.o.o. Sipovo, Bosnia and Herzegovina. Lime was purchased from lime factory Zagradje, RTB Bor, Serbia. Chemical composition of used immobilization agents is presented in Table 1 .
The pseudo-total metal content of the sediment was determined in a dried sediment sample, by using aqua regia -(HCl:HNO 3 =3:1), digested by the EPA 3051a [21] microwave digestion method (Milestone, Star E). Then the samples were analyzed by flame AAS technique (Perkin Elmer AAnalyst™ 700) on the total metal content in accordance with the procedure EPA 7000B [22] .
The pseudo-total metal content, representing the sum of acid-soluble, reducible, oxidizable and residual fraction [23] , in the native sediment sample is shown in Table 2 and the quality of the sediment is compared with the values prescribed in Regulation on limit values of pollutants in surface and groundwater and sediment and deadlines for their achievement ("Official Gazette RS". 50/2012) [24] .
This regulation includes several numerical values among which target and remediation value. The target value is a lower value, the basic concentration below which is known or assumed that the element/compound does not affect the natural characteristics of the sediment.
The remediation value is a higher value, the maximum tolerable concentration above which remediation is requested. In assessing the quality of sediment, the values for standard sediment are translated into values for the actual sediment based on a certain content of organic matter (measured as a lost percentage of mass after volatilization, calculated over a dry mass of sediment) and clay content (mass percentage of particles smaller than 2 mm). Correction of analytically determined metal concentrations was performed in order to be able to determine the sediment class according to the national legislation, because the quality criteria are given for standard sediment with 10 % of organic matter and 25 % of clay. Using the mathematical model developed by DHV (Dwars, Heederik and Verhey), the metal concentrations were first corrected to the standard sediment and then classified according to the national regulations. Finally, the quality of the sediment was determined based on the parameter that was in the worst, highest category, as the model foresees. The results shown in Table 2 indicate that polluted sediment corresponds to 4 or 4+ class in relation to the tested metals and needs remediation.
S/S treatment
S/S treatment was performed by mixing dried sediment (105 °C) with appropriate immobilization agents: kaolinite, montmorillonite and lime. Specimens were designated by the capital letters K: kaolinite, M: montmorillonite, and L: lime, followed by a number representing percent weight of the given attribute. The S/S agent content was expressed as percentage of the total solids weight. K30L10 sample was prepared using 30 % of kaolinite and 10 % of lime and M30L10 sample using 30 % of montmorillonite and 10 % of lime.
Samples were prepared in the form of monolithic cubes ((3 ± 0.1) × (3 ± 0.1) × (3 ± 0.1) cm) by compaction at optimum water content, defined as the water content at which the sediment can be compacted to the maximum dry unit weight using modified compactive effort. Typically, cohesive soils and sediments at the optimum water content can be squeezed into a lump that barely sticks together when hand pressure is released, but will break cleanly into two sections when "bent". The compaction was performed according to ASTM D1557-00 [25] , providing a compactive effort of 2700 kNm m −3 . Samples were cured at 20 °C in sealed sample bags and after 7 (7D) and 28 days (28D) subjected to the different leaching tests and further characterization. Mixtures were then left to mature. Maturation was performed in controlled laboratory conditions, leaving the mixtures in contact with air for seven years (7Y). In this way more relevant environmental conditions, over much longer timescales, can be tested. After this period matured mixtures were tested in same manner.
Leaching tests 2.2.1 TCLP test (Toxicity Characteristic Leaching Procedure)
TCLP tests include the extraction of the waste material from 100 g sample placed in a 2-liter extraction vessel and mixed with the extraction fluid. Initial tested pH of the sample leachate was ≤5, so the extraction fluid # 1 (5.7 ml glacial acetic acid and 64.3 ml of 1 N NaOH in 1 liter of water, pH = 4.93 ± 0.05) was used. The samples were extracted at a liquid to solid (L/S) ratio of 20:1 in capped polypropylene bottles on a rotary tumbler at 30 rpm for 18 h. After 18 hours of stirring, the pH was measured in the extract which was filtered after that through a membrane (0.45 μm) filter [26] . The filtrate was then preserved with nitric acid and then was analyzed for metal content by using AAS (Perkin Elmer AAnalyst™ 700) technique according to USEPA Method 7000B [22] , (2007) and USEPA Method 7010 [27] .
The German standard leaching test -DIN 3841-4 S4 (DIN 3841-4 S4; 1984)
The German standard leaching test -DIN 3841-4 S4, uses grained sample with particle size smaller than 10 mm [28] . Leaching is performed with deionized water at 10:1 L/S ratio (l kg-1), during the testing period of 24h. After shaking the final pH value was measured and a sample was filtered through a membrane (0.45 um) filter. After that, the filtrate was preserved with nitric acid and then was analyzed for metal content by using AAS (Perkin Elmer AAnalyst™ 700) technique. Measurement of the pH values was carried out using a pH meter inoLab pH / ION 735 (WTW GmbH, Germany).Pseudo-total metal content determination and leaching tests were applied to every sample in triplicate. Mean values were used and the RSDs (n=3) were below 5 %.
Sample characterization
To better understand metal immobilization and other micro structural properties, X-ray diffraction (XRD) and scanning electron microscope (SEM) analyses were performed on the prepared monolithic matrices.
For XRD analysis samples were powdered in agate mortar and placed onto carrier-glass plate which has rectangular recess of 20 x 20 mm and a depth of 0.5 mm. Equipment used for XRD is an automatic diffractometer Rigaku MiniFlex 600, Brag-Brentano geometry with secondary graphite monochromator. Radiation is from the copper anode, the voltage on the pipe is 40 kV, and the current is 15 mA. Recording is performed in step mode, the step retention time is 2 s, and the step is 0.03 degrees. Semi-qualitative XRD analysis as well as crystallite size of the components using the Scherrer method was performed using HighScore Plus software, PANalytical, the Netherlands.
For SEM measurement the monolithic matrices were crushed and dried, ground to powder and then subjected to analyses. SEM photographs were carried out by QUANTAX 70 EDS System TM3000 -Bruker, Germany.
The Brunauer-Emmett-Teller (BET) specific surface area, pore volume, and pore size were determined based on the adsorption and desorption isotherms of N 2 at 77 K obtained on an Autosorb iQ Surface Area Analyzer (Quantachrome Instruments, USA). The samples were outgassed at 110 °C for approximately 5 h before running isotherms. Mesopore volume were derived from desorption isotherms using the BJH (Barrett-Joyner-Halenda) model. Micropore volumes were additionally calculated using t-test and the Horwath-Kawazoe (HK) method. The total pore volume and average pore radius were derived from the amount of vapor adsorbed at a relative pressure close to unity, by assuming that the pores are then filled with liquid adsorbate. Non-Local Density Functional Theory (NLDFT) was used for pore size distribution analysis.
To validate the applicability of the designed waste mixture, mechanical performance of the obtained monolites was measured in terms of uniaxial compressive strength. Compressive strength was determined by using a penetrometer which measures the penetration resistance of undisturbed samples in kPa. The results are interpreted according to [29] [30] . Also, the compressive strengths were compared with ASTM Standards for non-load-bearing [31] and load-bearing [32] concrete masonry units, respectively.
3 Results and discussion 3.1 Leaching tests TCLP is one example of a field mimicking test that is applied as a screening protocol in practice. The field conditions adopted by TCLP are those of an assumed "mismanagement" scenario described as disposal of hazardous waste in a biologically active municipal solid waste landfill. This test is specifically designed to mimic the acidic conditions of the sanitary landfill, as well as to identify wastes that have the potential to contaminate groundwater. In national legislative, according to the Regulation on categories, testing and classification of waste ("Official Gazette RS". 56/2010) [33] , TCLP procedure prescribes parameters and limit values for testing of toxic characteristic of waste intended for disposal. The results of TCLP test on treated samples are presented in Table 3 . Cr, Ni, Cu and Zn showed lower leaching after 28 days from S/S treatment applied followed by slight increase after 7 years. Cd showed constant decrease in leaching and Pb leaching increased in 28 days and then decreased over long period of time. These slight changes can be attributed to pH variations and consequently metal solubility over time. Generally, the leached concentrations of metals, from both specimens, in all tested periods, are far below the limit values according to "Official Gazette RS", 56/2010 [33] , and they stayed relatively stable over time. Therefore, it can be concluded that these materials do not do not posse toxic properties and can be considered safe and non-hazardous for disposal.
DIN 3841-4 S4 test is a standard batch leaching test, which has been widely used for regulatory compliance purposes in Germany and Austria, as well as for general assessment elsewhere. In national legislation it prescribes parameters for testing wastes and leachate from inert, non-hazardous or hazardous waste landfills. In Table 4 leached metal concentrations, for both specimens over time, according to DIN 3841-4 S4 test are presented. In both specimens after 7 days only Ni and Cu leached in noticeable concentrations. After 28 days, leaching started to decrease, probably due to pozzolanic reactions. Testing after period of seven years showed good stability of tested specimens. Again Ni and Cu leached in greater concentrations. When interpreting results by using the national regulations for the testing and classification of waste, as well as by comparing it with the values prescribed by the European Union [34] , from the aspect of Cr, Zn, Cd and Pb specimens are characterized as inert waste and can be used in specific purposes. From the aspect of Ni and Cu, specimens are considered as non-hazardous waste.
Generally, leached metal concentrations greatly declined compared to untreated sediment sample. Differences in metal leaching between these two tests are the sum of several factors. Used acid, in TCLP test, can complex metals causing them to leach in greater concentrations [35] . Additionally, solid/liquid ratio is different for each test. ); nd-not detected Finally, pH greatly differs, as TCLP uses citric acid and DIN3841-4 S4 uses deionized water as leaching fluid. This has the impact on final pH of the leachate after the test. pH value has influence on clay surface. As the surface of clay is more protonated at low pH, H + competes with metal ion resulting in active sites less able to retain heavy metal ions, this may be explained by the surface complexation reactions which are influenced by the electrostatic attraction between negatively charged groups at clay surface and the metal ions [36] . For both tests it can be seen that pH values decreased with the increasing incubation period, most likely due to the reaction between alkaline CaO and CO 2 to form CaCO 3 as time proceeded [37] . Lowering the pH over time may hindered the binding of some positively charged metal ions. Namely, observing metal hydroxide solubility as a function of pH value, it can be expected that metal leach in lower pH region [38] . So, metal leaching can be observed as a balance between pozzolanic product formation (metal immobilization) and metal precipitation and dissolution as a result of pH variation. Also, presence of ettringite implies that there is the physical damage resulting from the formation of expansive minerals. Both the physical damage and the crystals may be caused by desiccation. This also can lead to increase metal leaching over time [39] .
Chemical, mineralogical and structural characterization
XRD analysis was performed on native sediment sample and K30L10 and M30L10 specimens after 7, 28 days and 7 years ( Fig. 1) as well as semi-quantitative analysis (Table 5) .
Main crystalline phases identified, in native sediment sample, were quartz(SiO 2 ), muscovite KAl 2 (AlSi 3 O 10 ) (F,OH) 2 . In solidified specimens the main peak was quartz originating from sediment, and alumosilicates present both in sediment and used clays as mineralogy is depended on site specific conditions [40] .
X-ray diffraction analyses of sediment mixtures with clays and lime indicated that pozzolanic product formation did take place within the 28-d curing period as calcium silicate hydrate (CSH) and calcium silicate hydroxide (CSH*) were the identified products. The reaction product formed is initially a non-crystalline gel, but eventually becomes calcium silicate hydrate,C-S-H, and due to its surface area it represents a principle mineral phase for adsorption of metal cations [39] . In general, however, these reactions are slower than those of cement and do not produce exactly the same products in terms of chemical and physical properties. Formation of calcite is a result of atmospheric carbonation of portlandite (Ca(OH) 2 ) over time, proving that S/S treated sediment is metastable [17] . Portlandite presence M-montmorillonite, E-ettringite, CAH-calcium aluminat hydrate, CSHcalcium silicate hydrate, CHS-calcium hydroxide silicate, P-portlandite also indicated that hydration processes were not fully completed after 28 days, and that reactions are still take place in direction of pozzolanic product formation, which results in better metal immobilization and structural integrity of solidified materials. Even after 7 years there are portlandite peaks present, in both specimens, due to lime used for the treatment [41] [42] . Also, small peak of ettringite (3CaO•Al 2 O 3 •CaSO 4 •32H 2 O) was recorded at 2θ value of ~ 9 degrees, which becomes more pronounced over time.
Ettringite formation can result in monolite expansion and damage [43] . In general, the formation of pozzolanic components, as well as the presence of calcite and portlandite, further confirms that these matrices have good potential in use as structural materials [29] . By XRD a direct measurement of the mineralogical composition of samples can be performed, but only the relative masses of the mineral phases reported to the crystallized fraction of the sample can be determined [44] . From the semi-quantitative analysis it can be seen that the main mineral phase in S/S specimens is quartz. Calcium hydroxide silicate, calcium silicate hydrates and calcium aluminat hydrate content is slightly changed and intensified over time. Portlandite is present in all specimens over time with significant amount in M30L10 mixtures. Similar case is with the presence of calcite whose content increases especially within the first 28 days of curing. Obvious increase in ettringite content is evident over time as one of main pozzolanic reaction products. Crystallite sizes determined for selected reflections from the direct application of the Scherrer equation are presented in Table 6 . Coherently reflecting domains, better known as crystallites, can have different size and shape. The average size of these crystallites can be estimated from the broadening of (X-ray or neutron) diffraction reflections via Scherrer equation. As the crystallite size increases, its contribution to the observed peak width becomes smaller. It is also important to note that if crystals have different unit cell dimensions (perhaps from slight compositional differences among different crystals as opposed to compositional gradients within a given crystal), this will result in peak broadening as well [45] . Crystallite sizes of used clays did not differ significantly over time. Calcium hydroxide silicate and calcium silicate hydrate crystals increased in period of 28 days of curing, but latter decreased in a small extent, while calcium aluminate hydrate crystallites sizes did not vary significantly over time. Calcite and portlandite gain larger crystal size as maturation proceeded as well as ettringite.
The morphology of specimens over time, according to SEM, analysis is presented in Fig. 2 . All S/S matrices represent systems suitable for "trapping" metals. The SEM results of the S/S indicated on a thick microstructure with hydration products, calcium silicate hydrate (C-S-H), calcium aluminate hydrate (C-A-H), gel flocculates. The C-A-S-H phases grow on Si-rich substrates and are accompanied by other secondary minerals such as carbonates (on the clay side) and ettringite (on the lime side) according to Fernandez et al. [19] . C-S-H possesses the sorption potential for metals due to its very large specific surface, which with its irregular hydrogen bonds can ease the sorption of water and other "foreign" ions, such as metal ions [46] . Both kaolinite and montmorillonite produce plaque structures. In the structure of montmorillonite, Al and Si are exposed to crystalline edges and partially hydrolyzed to silanol (SiOH) and aluminum (AlOH) groups. Such unsaturated edges are much more sensitive than saturated base sites [47] . This leads to the inner-sphere of metal complexes and on planar (inner) locations of clay minerals, which causes the creation of an external sphere of metal complexes [48] . Generally, clay particles are strongly anisotropic and exhibit faces and edges, which are very different in surface area and in chemical behavior. A number of mechanisms have been supposed to be active in the sorption of heavy metals by these sorbents. Some of these mechanisms are chemisorption, physical adsorption and micro-precipitation which involve (i) an ion exchange reaction at permanent-charge sites and, (ii) formation of complexes with surface hydroxyl groups at edge-sites. Montmorillonite clay are commonly used as an effective leachate barrier of toxic heavy metal ions and radionuclides due to its good swelling property, high chemical/mechanical stability, high specific surface area and fine cation exchange capacity. Montmorillonite sorbs heavy metals both on planar sites with permanent charge on the interlayer surfaces and on edge sites with variable charge on the external surfaces. The sorption on planar sites is pH-independent and is considered to be ion exchange reaction while that on edge sites is pH-dependent and is thought to be complexation reaction. Kaolinite possesses a layered structure with a large surface area and high cationic exchange capacity. Kaolinite exhibited a strong affinity for both positive and negative heavy metal ions, whereas the sorption capacity for positive heavy metal ions was much higher than that for negative heavy metal ions because of the negative charge on the structure of clay. Metals tend to be adsorbed via ion exchange reaction over the acidic pH range and surface complexation over the near-neutral pH range. For example, the sorption mechanism for Cu(II) binding on montmorillonite over the alkaline pH range is significantly different from that for Ni(II). The adsorbed species for Cu(II) are identified as surface multinuclear complexes whereas that for Ni(II) are recognized as Ni phyllosilicate co-precipitate and/or nickel hydroxide precipitate. The distribution of sorbed heavy metals on planar and edge sites is controlled by many factors especially pH and the concentration of background electrolyte. A shift in heavy metal sorption from planar sites to edge sites can happen in response to an increase in both pH and electrolyte concentration [36, [49] [50] [51] .
Specimens are characterized over time in terms of BET specific surface area and porosity. Results are presented in Table 7 . Namely, the significant particle size effect is that the smaller particles have a larger surface that is available for hydration, which will cause the formation of more hydration products in the earlier stages of the S/S treatment, Fig. 2 The morphology of selected samples obtained by SEM analysis resulting in better immobilization of the metal. In the early stage of the treatment (7 days), BET specific surface areas of specimens were similar due to immobilization agents mixing, compacting and pozzolanic reactions taking place. After 28 days BET specific surface increased in both monoliths as a result of specimens maturing and hydration product formation, which are most intensified in this early stage of sample aging. This is especially noticeable in the case of M30L10_28D sample, where BET specific surface area almost tripled. After seven years a decrease in surface area is noticed. In this time period all the moisture evaporated from the samples. Also, it is assumed that all reaction terminated and a complete hardening and compaction of samples took place. Micropore volumes, according to HK method, changed in the same order, indicating on sample compaction and micropore closing over time. According to micropore t-test, micropores are detected in native sediment sample as well as in montmorillonite and M30L10_28D correlating well with the value of BET specific surface area. Mesopore volumes slightly increased in the period between 7 and 28 days, and then over longer period of time decreased and stabilized, representing good matrices for heavy metal entrapment. Average pore radius also indicates on predominant mesoporosity of all specimens as values for this parameter were in range of 20 -500 Å. Also, obtained results are in compliance with metal leaching as aged specimens did not structurally deteriorate, in greater extent, over time, which is in good correlation with Wang et al. [52] . Treatments such as the Non-Local Density Functional Theory (NLDFT) provide a much more accurate approach for pore size analysis. This method bridge the gap between the molecular level and macroscopic approaches. Incremental and cumulative pore size distribution of different specimens determined by the NLDFT method is presented in Fig. 3 ((a) and (b) ). The NLDFT model takes into account the differences in thermodynamic properties of a bulk fluid vs a fluid confined in pores. Thus it is able to give a more accurate description of the micro and mesopores [53] . All specimens showed significant pore volume resulting from mesopores fraction predominantly of 20, 40, 70, 95 and 140 Å in half pore width. Native sediment, montmorillonite and M30L10 sample after 28 days showed more significant micropore content with half pore width ≤ 10 Å.
Unconfined compressive strength is used as a measure of the ability of a monolithic S/S material to resist mechanical stresses. It relates to the progress of hydration reactions in the product, and durability of a monolithic S/S material, and is therefore a key variable. The measurement results of unconfined compressive strength of tested S/S mixtures are shown in Fig. 4 . According to the EPA SW872 [54] , S/S materials with hardness greater than 0.35 MPa shall be considered to have sufficient compressive strength. This minimum value is proposed in order to create a stable foundation for the disposal of these materials in landfills. In the UK, acceptable strength after 28 days is 0.7MPa, but the value of 0.35 is acceptable depending on the test sample [55] . According to ASTM C129, 2011 [31] , compressive strength of M30L10_7Y exceeded 4.14 MPa, thus these blocks are potentially applicable as non-load-bearing concrete masonry units, such as partition walls, planting bricks, and landscaping walls, ground leveling/stabilization to the design formation level prior to construction works.
Alkali-enriched systems would dissolve siliceous components causing microcrack formation and/or result in a more compact C-S-H structure leading to higher porosity [52] .
Conclusion
This objective of this study was assessing long-term performance of S/S treatment of metal polluted sediment. Kaolinite, montmorillonite and lime were used as immobilization agents in S/S treatment. Obtained samples were tested trough leaching tests, TCLP and DIN 3841-4 S4 procedure as well as trough mineralogical and structural characterization in different time periods after applied treatment (7, 28 days and 7 years). Leaching tests, differing in nature and pH of leaching fluid, indicated on successful S/S treatment as leached metal concentrations complied with the both acceptance criteria. Differences in leached concentrations over time are mostly attributed to pH variations and present crystals phases that may cause expansion and physical damage of monoliths. X-ray diffraction (XRD), qualitative and semi-quantitative analysis, confirmed the formation of hydration and pozzolanic product indicating that longer period of time is needed for final mineral composition to be formed. Semi-qualitative analysis indicated on increased content of hydratation product over time and crystallite size determination showed formation of smaller and finer crystals at longer time-scale. Scanning electron microscope (SEM) analysis confirmed that morphology of tested specimens represents viable matrices for entrapment of metals creating dense structures over time. Porosity and pore size distribution measurements indicated that specimens represent mesoporous structures, closing micropores and mesopores over time due to moisture evaporation and gradual compaction. Notable presence of micropores is detected in matrices containing montmorillonite. Unconfined compressive strength indicated on ability to create a stable foundation for the disposal of these materials in landfills. Aged sample with 30 % montmorillonite and 10 % of lime proved to be potentially applicable as non-load-bearing concrete masonry units, viable for controlled utilization. Generally, all results indicated on successful treatment with undiminished efficiency over a period of several years indicating that this represents reliable, environmentally friendly and cost-effective remediation technique.
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